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Alternative Proton Donors/Acceptors in the Catalytic Mechanism of the
Glutathione Reductase of Escherichia coli: The Role of Histidine-439 and
Tyrosine-99°
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ABSTRACT: The cloned Escherichia coli gor gene encoding the flavoprotein glutathione reductase was placed
under the control of the zac promoter in the plasmid pKK223-3, allowing expression of glutathione reductase
at levels approximately 40 000 times those of untransformed cells. This greatly facilitated purification of
the enzyme. By directed mutagenesis of the gor gene, His-439 was changed to glutamine (H439Q) and
alanine (H439A). The tyrosine residue at position 99 was changed to phenylalanine (Y99F), and in another
experiment, the H439Q and Y99F mutations were united to form the double mutant Y99FH439Q. His-439
is thought to act in the catalytic mechanism as a proton donor/acceptor in the glutathione-binding pocket.
The H439Q and H439A mutants retain ~1% and ~0.3%, respectively, of the catalytic activity of the
wild-type enzyme. This reinforces our previous finding [Berry et al. (1989) Biochemistry 28, 1264~1269]
that direct protonation and deprotonation of the histidine residue are not essential for the reaction to occur.
The retention of catalytic activity by the H439A mutant demonstrates further that a side chain capable
of hydrogen bonding to a water molecule, which might then act as proton donor, also is not essential at
this position. Tyr-99 is a further possible proton donor in the glutathione-binding pocket, but the Y99F
mutant was essentially fully active, and the Y99FH439Q double mutant also retained ~ 1% of the wild-type
specific activity. Thus, Tyr-99 is not acting as a surrogate proton donor /acceptor to confer activity on the
H439Q mutant, and it is unlikely that the phenolic hydroxyl group plays any role in proton transfer in the
wild-type enzyme. We conclude that the imidazole side chain of His-439 probably acts as proton do-
nor/acceptor in the wild-type enzyme, leading to an improvement in the k., of approximately 100-fold
compared with the H439Q and H439A mutants. The mutants may be functioning by recruiting another
as yet unidentified protein side chain to act in this capacity, but it could be that the proton is simply acquired
from solution, given the somewhat open structure of this part of the active site. The H439Q, H439A, and
Y99FH439Q mutants all displayed a much lowered K, for NADPH compared with the wild-type enzyme,
although NADPH is bound in a separate site some distance (~18 A) from that responsible for binding
glutathione. The structural basis for this effect remains to be determined.

Glutathionc reductase (EC 1.6.4.2) catalyzes the
NADPH-linked reduction of oxidized glutathione:

GSSG + NADPH + H* = 2GSH + NADP*
The product of the reaction, reduced glutathione, ensures that
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other thiol groups remain reduced in the cell and is particularly
important in protecting the cell against oxidative stress and
in the biosynthesis of DNA [for a review, see Holmgren
(1985)]. The catalytic mechanism of the enzyme has been
the subject of intensive investigations using a variety of
techniques, chiefly protein chemical and kinetic analysis
(Williams, 1976) and X-ray crystallography of the human
erythrocyte enzyme (Pai & Schulz, 1983; Karplus & Schulz,
1987; Pai et al., 1988; Karplus et al., 1989). From these
studies, a reaction scheme has been proposed (Pai & Schulz,
1983; Wong et al., 1988) in which reducing equivalents are
passed from NADPH to oxidized glutathione via the iso-
alloxazine ring of enzyme-bound FAD and the redox-active

© 1989 American Chemical Society
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FIGURE 1: Postulated reaction mechanism for human glutathione
reductase [after Pai and Schulz (1983) and Wong et al. (1988)]. The
scheme, which omits some steps, should not be taken to imply that
electron transfers are concerted. The base X has tentatively been
identified as Lys-66 (Pai & Schulz, 1983).

disulfide bridge in each protein subunit of the dimeric enzyme
(Figure 1).

The availability of a cloned (Greer & Perham, 1986) and
overexpressed (Scrutton et al, 1987) gene (gor) encoding
Escherichia coli glutathione reductase has already allowed us
to test some aspects of the postulated mechanism by means
of in vitro mutagenesis (Scrutton et al., 1988; Berry et al.,
1989). Alignment of the protein sequences of the human and
E. coli enzymes shows a high degree of primary sequence
homology, indicative of a similar three-dimensional structure
for the two proteins. There are, however, two notable dif-
ferences between the human enzyme and its E£. coli counter-
part: the former possesses a flexible N-terminal segment
(about 18 amino acid residues) of polypeptide chain and an
intersubunit disulfide bridge, both of which features are absent
from the E. coli enzyme. The successful insertion of an in-
tersubunit disulfide bridge in the E. coli enzyme at a position
on the 2-fold axis equivalent to that in the native human
enzyme (Scrutton et al., 1988) offers compelling evidence for
the close similarity in structure of the two enzymes. This lends
confidence to the use of the three-dimensional structure of the
human enzyme as a valid model for directed mutagenesis
experiments on the E. coli enzyme (Berry et al., 1989).

An important feature of the catalytic mechanism (Figure
1) of the enzyme is the need for a proton donor/acceptor in
the glutathione-binding site. A histidine residue has been
implicated as the proton donor/acceptor in the reduction of
the substrate in human glutathione reductase (Boggoram &
Mannervik, 1978) and in the related enzyme dihydrolipoamide
dehydrogenase (Matthews et al., 1977). X-ray crystallographic
work has shown that His-467 is suitably positioned in the
glutathione-binding pocket of human glutathione reductase
to act in this capacity (Pai & Schulz, 1983; Karplus et al.,
1989). His-439 in E. coli glutathione reductase is equivalent
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to His-467 in the human enzyme and lies within a highly
conserved region of the protein sequence (Greer & Perham,
1986). Directed mutagenesis of the E. coli glutathione re-
ductase has already been used to demonstrate that, although
this histidine residue facilitates the catalytic activity of the
enzyme, a protonatable side chain at this site is not absolutely
essential to the mechanism. Thus, a small amount of residual
activity was observed in a mutant enzyme in which His-439
was replaced by a glutamine residue. However, it was not
resolved whether this activity was due to reliance on an al-
ternative protonatable side chain in the enzyme, to the glut-
amine residue serving to hydrogen bond a water molecule that
acted as an alternative proton donor/acceptor, or to some other
unknown mechanism (Berry et al., 1989). We have now
tackled this problem further by systematically removing the
possible proton donors/acceptors in the glutathione-binding
pocket. We have concentrated our efforts on residues His-439
and Tyr-99, the latter having been considered a possible, albeit
unlikely, proton donor replenished by solvent (Pai & Schulz,
1983; Schirmer et al., 1989).

MATERIALS AND METHODS

Materials. Complex bacteriological media were from Difco
Laboratories, and all media were prepared as described in
Maniatis et al. (1982). [**S]dATP-aS triethylammonium salt
(400 Ci/mmol) for DNA sequencing was supplied by Am-
ersham International. Ethidium bromide, NADPH, thio-
NADP*, and GSSG were from the Sigma Chemical Co.
Ultrapure agarose, dithiothreitol, and CsCl were from
Bethesda Research Labs. Procion Red HE-7B was a gift from
Dr. C. R. Lowe (Institute of Biotechnology, University of
Cambridge) and was linked to CL-Sepharose 4B as described
in Lowe et al. (1980). All other chemicals were of analytical
grade wherever possible. Glass-distilled water was used
throughout.

The restriction enzymes HindIIl, EcoRI, Nsil, PstI, and
Eagl were purchased from New England Biolaboratories. Calf
intestinal alkaline phosphatase was obtained from Boehringer
Mannheim. T4 DNA ligase and T4 polynucleotide kinase
were from Amersham International.

E. coli strain TG1 [K12, A(lac-pro), sup E, thi, hsd DS,
/F' tra D36, pro A*B*, lac 19, lac Z AM15] was provided by
Dr. A. Gibson (MRC Laboratory of Molecular Biology,
Cambridge, U.K.). E. coli strain SG5 [F~ A(his-gnd), Agor,
Alac ara D, StrR] was previously isolated in this laboratory
(Greer & Perham, 1986). E. coli strain BMH71-18 [K12,
A(lac-pro), sup E, thi/F' pro A*BY, lac 19, lac Z AM15] was
obtained from Dr. G. Winter (MRC Laboratory of Molecular
Biology, Cambridge, U.K.).

Site-Directed Mutagenesis and DNA Sequencing. Site-
directed mutagenesis was carried out on a derivative of M13
containing the noncoding strand of the gor gene (either K19gor
or K19gor3’6EcoRI; see below). The mutagenic oligo-
nucleotides 5-TACTTCCTTTGAAAACG-3 (Y99F), 5-
CCGTCGCCATTGCCCCAACGGCGG-3 (H439A), and
5-CTACAATCGCGGAATTCAACGATAAG-3 (EcoRI
insertion) were annealed to single-stranded template, and
mutants were isolated. Mutant Y99F was constructed by using
the EcoK/EcoB double primer with selection method (Carter
et al., 1985; Scrutton et al., 1988), and the other mutants were
constructed by using the phosphorothioate method (Taylor et
al., 1985) as marketed by Amersham International. Plaques
derived from the EcoK/EcoB mutagenesis reaction were
screened by colony hybridization with the appropriate muta-
genic oligonucleotide, and the mutations were confirmed by
dideoxy sequencing (Sanger et al., 1980; Biggin et al., 1983).
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Putative mutants generated by the phosphorothioate method
were screened directly by dideoxy sequencing using the Se-
quenase system obtained from United States Biochemical
Corp. The whole of the mutated gene was resequenced to
ensure that no spurious mutations were introduced during the
mutagenesis reactions. The mutant H439Q has already been
described (Berry et al., 1989).

Plasmid Construction. Plasmid or bacteriophage RF DNA
was prepared by CsCl density gradient centrifugation as de-
scribed by Maniatis et al. (1982). For the purposes of
screening, plasmids were prepared on a miniscale using the
alkaline lysis method described in Maniatis et al. (1982).
Restriction endonuclease digestion of DNA was carried out
as recommended by the enzyme suppliers. The mutant genes
(Y99F, H439Q, and H439A) were isolated by restricting
bacteriophage RF DNA with EcoRI and HindI1l, and the gor
gene fragment was subcloned into the expression vector
pKK223-3 restricted with the same enzymes, as described by
Scrutton et al. (1987).

Growth of Cells and Purification of Glutathione Reductase.
Wild-type and the mutant (H439Q, Y99F, and Y99FH439Q)
glutathione reductases were purified from the gor-deletion
strain of E. coli SG5 (Greer & Perham, 1986) transformed
with the appropriate expression plasmid as described by Berry
et al. (1989). Mutant H439A was purified from a /ac 19
derivative of strain SGS5 (strain NS3) as described below.

Measurement of Kinetic Parameters. Specific activities of
wild-type and mutant glutathione reductases in the direction
of glutathione reduction were measured under saturating
conditions (Scrutton et al., 1987), and the kinetic parameters
of the mutant enzymes were determined as described previ-
ously (Berry et al., 1989). The transhydrogenase activity of
glutathione reductase was estimated at 30 °C by the thio-
NADP*-dependent oxidation of NADPH measured by the
increase in the absorption at 398 nm. Assay mixtures con-
tained 100 uM NADPH, 100 uM thio-NADP*, the enzyme
to be assayed, and 0.1 M potassium phosphate buffer, pH 7.6,
to a final volume of 1 mL.

SDS-Polyacrylamide Gel Electrophoresis. Cell-free ex-
tracts of E. coli and samples of purified E. coli glutathione
reductase were submitted to electrophoresis in 15% poly-
acrylamide slab gels in the presence of SDS and were subse-
quently stained with Coomassie Brilliant Blue R-250 (Scrutton
et al., 1987).

RESULTS AND DIscussiON

Enhanced Expression of the E. coli gor Gene. We have
previously described an expression system for the E. coli gor
gene based on the plasmid pKGR, which overexpresses the
protein about 200 times above the level obtained from the
chromosomal gor gene (Scrutton et al., 1987). However, in
the DNA sequence of the plasmid pKGR, there is a 700 bp
stretch of DNA between the rac promoter and the ribo-
some-binding site of the gor gene (Figure 2); within this stretch
of DNA, there is a poly(T) region of about 30 bases, origi-
nating from the Clarke and Carbon bank plasmid from which
the gene was originally cloned (Greer & Perham, 1986). It
was thought possible that this poly(T) region might be reducing
the efficiency of transcription of the gor gene by acting as a
termination signal for RNA polymerase. It was therefore
removed as follows. A 1000 bp stretch of DNA downstream
of the gor gene in the construct K19gor (Berry et al., 1989)
was deleted by restricting the bacteriophage RF DNA with
enzymes Pstl and Nsil, followed by recircularization of the
major fragment with DNA ligase (Figure 2). An EcoRI site
was then engineered directly before the Shine-Delgarno se-
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FIGURE 2: Construction of the pKGR4 expression system. The 1 kbp
fragment of DNA downstream of the gor gene was excised from the
RF DNA of bacteriophage K19gor (Berry et al., 1989) by digestion
with the enzymes Nsil and Pst] followed by religation of the major
fragment to yield K19gor3’6. An EcoRI cleavage site was engineered
into this construct immediately upstream of the Shine-Delgarno
sequence of the gor gene giving K19gor3’6EcoRI. The truncated
gor-containing EcoRI/HindIII fragment was directionally subcloned
into the expression vector pKK223-3 (to yield plasmid pKGR4), thus
placing the gor gene under the control of the tac promoter.

quence of the gor gene to yield the recombinant bacteriophage
K19gor3'6EcoRI. The gor gene could now be excised as a 1.7
kbp EcoR1/HindllI fragment and ligated directionally into
the expression vector pKK223-3 (Figure 2).

When transformed into the lacl? E. coli TG1 cells, the new
plasmid, designated pKGR4, was found to express glutathione
reductase activity at high levels, even without induction with
isopropyl §-p-thiogalactopyranoside (IPTG).! Surprisingly,
IPTG induction caused lower expression of the enzyme, sug-
gesting that the cell may be unable to tolerate a much higher
level of the enzyme than that seen in the absence of induction.
The overproduction of glutathione reductase was accompanied
by a marked increase in the yellow appearance of the cell-free
extract, implying that flavin biosynthesis is also stimulated in
cells carrying plasmid pKGR4. This could be due to se-
questration of FAD by the high levels of apoenzyme generated
in these cells, which may in turn result in the stimulation of
the biosynthetic pathway of flavins. Nevertheless, the specific
activity of glutathione reductase in the cell-free extract was
no higher than that in cell-free extracts of cells expressing the
gor gene from plasmid pKGR (Scrutton et al., 1987). SDS-
polyacrylamide gel electrophoresis of samples of the cell-free
extract, however, revealed that it contained large amounts of
a protein with an electrophoretic mobility identical with that

! Abbreviation: IPTG, isopropyl f-D-thiogalactopyranoside.
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Table [: Specific Catalytic Activities and Kinetic Parameters of the Wild-Type and Mutant Forms of E. coli Glutathione Reductase

specific activities (units/mg)®

NADPH-dependent

kinetic parameters for reduction of GSSG

enzyme reduction of GSSG transhydrogenase act. K. (GSSG) (uM) Kn(NADPH) (uM) keyy (min™")
wild-type 252 1.2 97 £ 12 B+4 36000 £ 2600
H439Q* 3.0 1.2 310 + 30 <2 140 £ 10
H439A% 0.95 3.2 219 + 34 <2 43 £ 4
Y99F 210 1.0 81 £ 17 53+ 11 31600 £ 5300
Y99FH439Q* 1.1 0.9 66 £ 6 <2 64 %3

? Enzyme specific activities were measured at saturating concentrations of all substrates. The transhydrogenase activity was measured at 30 °C by
the thio-NADP*-dependent oxidation of NADPH, with both coenzymes at an initial concentration of 100 uM. ®The true value of K., for NADPH
in this mutant could not be measured since discrimination in rate could not be achieved even at a concn. of NADPH as low as 2 uM.

of purified glutathione reductase (Figure 3). This indicates
that large amounts of either apoenzyme or inactive holoenzyme
were present in these cells. It was found that this could be
reconstituted to form fully active enzyme during its purification
by adding excess FAD to the cell-free extract before ammo-
nium sulfate fractionation (Scrutton et al., 1987). On the basis
of these reconstituted activities and the SDS-polyacrylamide
gel electrophoresis (Figure 3), it was estimated that noninduced
cells carrying plasmid pKGR4 were expressing glutathione
reductase at levels approximately 40000 times above that of
untransformed cells.

Repeated efforts at transforming plasmid pKGR4 into the
desirable E. coli gor-deletion strain SG5 (Greer & Perham,
1986) were unsuccessful, perhaps because strain SGS is not
lacl® and the plasmid pKGR4 is therefore uncontrolled. The
lac1? gene was therefore introduced into strain SG5. This was
achieved by first converting strain SG5 (Agor, Str®) into a
proline auxotroph (strain NS1) by means of four rounds of
ampicillin enrichment (Lederberg & Zinder, 1948). An F’
episome encoding the /acl? gene and the proAB locus from
E. coli strain BMH71-18 (StrS) was then introduced by
conjugation, yielding strain NS3, which was selected for by
growth on minimal media containing streptomycin. Strain
NS3 was shown to lack glutathione reductase activity by ap-
propriate enzyme assay of cell-free extracts and, as expected
for a bacterium carrying an F’ episome, to support growth of
bacteriophage M13. The expression plasmid pKGR4 could
be introduced efficiently into strain NS3 by using the CaCl,
transformation procedure (Maniatis et al., 1982) and was
found to be as efficiently expressed as in E. coli TG1 cells.
In the experiments that follow, mutant enzymes derived from
gor genes, expressed from plasmid pKGR4 in E. coli strain
NS3 cells, were purified to homogeneity essentially as de-
scribed previously (Berry et al., 1989). The only modifications
to the method were that the concentration of FAD in the initial
resuspension buffer (buffer A) was increased to 100 uM and
that, because of the high concentration of enzyme in the
starting extract, the affinity chromatography step could be
dispensed with.

Properties of a Histidine-439-Alanine (H439A) Mutant.
We have already demonstrated (Berry et al., 1989) that re-
placement of His-439 by a glutamine residue in E. coli glu-
tathione reductase does not result in the total loss of enzymic
activity that would be predicted if this imidazole side chain
were uniquely fitted to act as the critical proton donor/acceptor
required by the catalytic mechanism (Matthews et al., 1977,
Pai & Schulz, 1983). The 1% residual activity observed for
the mutant (H439Q) enzyme (Table I) could be due to one
of several causes: to the H-bonding capacity of the glutamine
residue mimicking that of a histidine residue; to the partici-
pation of another (perhaps normally superfluous) protonatable
side chain in the enzyme; or to another subtle change in
mechanism (Berry et al., 1989). To test the first of these
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FIGURE 3: Expression of the gor gene in E. coli strain TG1. Samples
of cell extracts of E. coli strain TG1 were prepared and analyzed by
means of SDS-polyacrylamide gel electrophoresis as described under
Materials and Methods. Protein bands were visualized by staining
with Coomassie Brilliant Blue R-250. Track A, purified wild-type
glutathione reductase. Track B, cell extract of E. coli strain TGI.
Track C, cell extract of E. coli strain TG1 transformed with plasmid
pKGR4. Track D, cell extract of E. coli strain TG1 transformed with
plasmid pKGR4 induced with 2 mM IPTG.

possibilities, we have removed the potential for H bonding at
position 439 by replacing His-439 with an alanine residue
(mutant H439A).

Mutant H439A was purified to homogeneity as described
above and was found to possess about 0.3% of the specific
activity of the wild-type enzyme (Table I), comparable with
that of the H439Q mutant. This level of activity cannot be
due to wild-type contamination since the enzyme was purified
from a gor deletion strain (NS3) of E. coli. Kinetic analysis
of mutant H439A (Table I) showed that, like mutant H439Q
(Berry et al., 1989), it exhibited a much-diminished Michaelis
constant for NADPH. We could not accurately determine
the K, for NADPH by simple spectrophotometric methods
since the concentrations of NADPH required were too low to
measure accurately. We were, however, able to measure the
apparent K, for GSSG and an apparent k., for the overall
reaction at an NADPH concentration of 50 uM, finding values
remarkably similar to those previously obtained for the H439Q
mutant (Table I). Although the overall activity of the enzyme
was severely impaired by this one mutation, the catalytic
competence of the NADPH-binding site was unaltered, as
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judged by the ability of the mutant enzymes (H439Q and
H439A) to catalyze the NADPH/thio-NADP* trans-
hydrogenase activity as efficiently as the wild-type enzyme
(Table 1).

These results reinforce our previous finding (Berry et al.,
1989) that a protonatable side chain at position 439 is not
absolutely essential for activity. They further demonstrate that
the small residual catalytic activity in these mutants (H439A
and H439Q) cannot be due to any ability of the side chain
at this position to hydrogen bond to a solvent water molecule,
allowing it to serve as proton donor. It must be, therefore,
that the enzyme can recruit an alternative proton donor, albeit
inefficiently, in order to turn over.

Properties of a Tyrosine-99-Phenylalanine (Y99F) Mutant.
In human glutathione reductase, binding of GSSG is accom-
panied by the phenol ring of Tyr-114 moving by about 0.1 nm
to lie between the two glycyl moieties of the glutathione. The
tyrosine hydroxyl group is in van der Waals contact with both
sulfurs of GSSG (Pai & Schulz, 1983; Karplus et al., 1989).
It is possible to conceive that the phenolic hydroxyl group in
this position could donate a proton to glutathione in the re-
action mechanism, although, given the relatively high pX, of
unperturbed phenolic hydroxyl groups, such a proposal is
possible but not probable. This tyrosine residue is conserved
in the sequence of the E. coli enzyme (Greer & Perham, 1986)
as Tyr-99, and we therefore sought to assess its contribution
to the mechanism by replacing it with phenylalanine.

The Y99F mutant form of E. coli glutathione reductase was
constructed and purified to homogeneity, as described above.
Mutant Y99F had a specific activity similar to that of the
wild-type enzyme (Table I), implying that residue Tyr-99 is
not critically involved in proton transfer in the glutathione-
binding pocket of the wild-type enzyme. Kinetic analysis of
the mutant demonstrated that, like the wild-type enzyme, it
followed ping-pong kinetics, and we were able to estimate the
true Michaelis constants for the two substrates and the turn-
over number for the enzyme (Table I). The similarity of the
K., values for GSSG in the Y99F mutant and wild-type en-
zymes suggests that, although the phenolic hydroxyl group of
Tyr-99 may be intimately associated with the bound GSSG,
it does not contribute substantially to the binding of this
substrate.

Despite the elimination of Tyr-99 as an essential proton
donor/acceptor in the catalytic mechanism of the enzyme, it
remained possible, that in the mutants H439Q and H439A,
where the main proton donor/acceptor had been removed,
Tyr-99 was indeed playing this part. It was essential to test
this possibility, especially since an examination of the crystal
structure of the human enzyme revealed few other obvious
candidates for proton donor/acceptor. We therefore united
the H439Q and Y99F mutations into a single gene to encode
a double mutant protein and examined its catalytic activity.

Properties of the Double Mutant. The double mutant
Y99FH439Q was constructed by the ligation of an Eagl/
HindIIl digest of plasmid pKGR-Y99F and an Eagl/
EcoRI-cut, phosphatase-treated digest of plasmid pKGR-
H439Q (Figure 4). Use of the HindIII and EcoRI digests
minimized the possibility of reisolating either of the single
mutant forms of the gene. Constructs were transformed into
E. coli strain TG1, recombinants were selected for by growth
on 2XTY ampicillin plates (Maniatis et al., 1982), and the
isolation of the double mutant was verified by plasmid se-
quencing. The resultant construct was designated pKGR-
Y99FH439Q (Figure 4). Plasmid DNA was subsequently
transformed into E. coli strain SGS by the Hanahan method
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FIGURE 4: Construction of the gene encoding the mutant Y99FH439Q
glutathione reductase.

(Maniatis et al., 1982) to permit expression of the mutant gene.

The Y99FH439Q double mutant protein was purified in a
similar manner to the H439Q single mutant (Berry et al.,
1989). Characterization of the Y99FH439Q double mutant
revealed that, in its kinetics, it behaved almost identically with
the H439Q single mutant. Thus, it retained about 1% of the
wild-type specific catalytic activity, exhibited a much-dimin-
ished Michaelis constant for NADPH compared with wild-type
enzyme, and had a transhydrogenase activity similar to that
of the H439Q mutant (Table I). These results prove con-
clusively that Tyr-99 is not a proton donor/acceptor during
the catalytic cycle of the H439Q mutant of glutathione re-
ductase and render it unlikely that Tyr-99 plays any role in
proton transfer in the wild-type enzyme.

Conclusions. Taken together with our earlier analysis of
the H439Q mutant (Berry et al., 1989), our present results
with the H439A mutant prove that a protonatable side chain
is not essential at position 439 in the E. co/i glutathione re-
ductase and, further, that a side chain capable of hydrogen
bonding a water molecule at that position is not essential either.
It is likely, therefore, that the proton that needs to be trans-
ferred in the postulated mechanism (Figure 1) can be recruited
from another source. OQur present results with the
Y99FH439Q mutant eliminate Tyr-99 as this alternative
proton donor/acceptor, and given that the Y99F mutant is
essentially unimpaired in its catalytic activity (Table I), it is
unlikely that the hydroxyl group of Tyr-99 plays any significant
part in proton transfer in the wild-type enzyme. It is con-
ceivable that some as yet unidentified protein side chain acts
in this capacity, but it could well be that the proton is simply
acquired from the aqueous solution bathing this somewhat
open part of the active site.

The advantage that accrues to the enzyme from placing a
histidine residue at position 439, an approximately 100-fold
increase in k, compared with the H439Q or H439A mutants
(Table 1), is very clear. Thus, it is probably that, in the
wild-type enzyme, the imidazole side chain of His-439 does
act as proton donor /acceptor in the way originally envisaged
(Williams, 1976; Matthews et al., 1977; Boggoram & Man-
nervik, 1978; Pai & Schulz, 1983). What is of particular



Biochemistry 1989, 28, 9607-9612 9607

interest is the way in which the enzymic mechanism alters if
the glutathione-binding pocket is deprived of this particular
protonatable residue. In this context, it is relevant to note that
the only homologous flavoprotein disulfide oxidoreductase to
lack a histidine residue at this position is mercuric reductase,
in which it is replaced by a tyrosine residue (Brown et al., 1983;
Misra et al., 1985; Laddaga et al., 1987). This enzyme is
unique in that the substrate is not an organic disulfide.

Registry No. GSSG, 27025-41-8; NADPH, 53-57-6; His, 71-00-1;
Tyr, 60-18-4; glutathione reductase, 9001-48-3.
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Mechanism of Interaction of O-Amino-D-serine with Sheep Liver Serine
Hydroxymethyltransferase’
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ABSTRACT: The mechanism of interaction of O-amino-D-serine (OADS) with sheep liver serine hydroxy-
methyltransferase (EC 2.1.2.1) (SHMT) was established by measuring changes in the enzyme activity,
absorption spectra, circular dichroism (CD) spectra, and stopped-flow spectrophotometry. OADS was a
reversible noncompetitive inhibitor (K; = 1.8 uM) when serine was the varied substrate. The first step in
the interaction of OADS with the enzyme was the disruption of enzyme—Schiff base, characterized by the
rapid disappearance of absorbance at 425 nm (6.5 X 10* M~ s7!) and CD intensity at 430 nm. Concomitantly,
there was a rapid increase in absorbance and CD intensity at 390 nm. The spectral properties of this
intermediate enabled its identification as pyridoxal 5’-phosphate (PLP). These changes were followed by
a slow unimolecular step (2 X 107 s71) leading to the formation of PLP-OADS oxime, which was confirmed
by its absorbance and fluorescence spectra and retention time on high-performance liquid chromatography.
The PLP-OADS oxime was displaced from the enzyme by the addition of PLP as evidenced by the restoration
of complete enzyme activity as well as by the spectral properties. The unique feature of the mechanism
proposed for the interaction of OADS with sheep liver SHMT was the formation of PLP as an intermediate.

Serine hydroxymethyltransferase [L-serine:tetrahydrofolate;
5,10-hydroxymethyltransferase (SHMT), EC 2.1.2.1] cata-
lyzes the conversion of L-serine to glycine and tetrahydrofolate
(H,folate)! to 5,10-methylene-H,folate. The role of SHMT
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in cellular proliferation was reviewed (Schirch, 1982; Appaji
Rao et al., 1987). D-Cycloserine (DCS) (Figure 1) functioned

! Abbreviations: PLP, pyridoxal 5’-phosphate; H,folate, 5,6,7,8-
tetrahydrofolate; DCS, p-cycloserine; OADS, O-amino-D-serine; EDTA,
ethylenediaminetetraacetic acid disodium salt; 2-ME, 2-mercaptoethanol;
CM, carboxymethyl; 4,0, absorbance at 280 nm; A5, absorbance at 425
nm; CD, circular dichroism; TFA, trifluoroacetic acid.
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